The aim of this study was to investigate the influence of microwave vacuum drying on carotenoids in pumpkin (Cucurbita maxima L.) slices. Carotenoids were measured using the reverse-phase high-performance liquid chromatography technique. It was shown that compared with hot air drying, microwave vacuum drying inhibited color changes and significantly (p < 0.05) improved total carotenoid retention (89.1%) in pumpkin slices. During the microwave vacuum drying process, microwave power had an important effect on total carotenoid and all-trans carotenoids. As microwave power increased, the total carotenoid content significantly decreased (p < 0.05), and the levels of individual carotenoids, including all-trans-α-carotene, all-trans-β-carotene, and all-trans-lutein, generally decreased. However, there was an overall upward trend for the levels of 13-cis-β-carotene, 15-cis-β-carotene, 9-cis-β-carotene, and 9-cis-α-carotene.
Introduction
Pumpkin (Cucurbita maxima L.) is a gourd squash of the genus Cucurbita in the family Cucurbitaceae and is widely grown and consumed in many countries around the world. [1] It is appreciated by consumers for its soft and sweet taste and its high nutritive value, it is an especially excellent source of carotenoids such as β-carotene, lutein, and zeaxanthin. [2, 3] In the fresh mass of the fruit, the total carotenoid (TC) content ranges from 0.3 to 12 mg/g FW. In addition to pro-vitamin A activity, studies have indicated that consumption of the carotenoids in pumpkin lowers the risk of degenerative and cardiovascular diseases, cataracts, macular degeneration, and certain types of carcinomas. [4] [5] [6] [7] The findings regarding the antioxidant activities and singlet oxygen-quenching and free radical-scavenging abilities of carotenoid compounds and their benefits to human health have increased research interest tremendously. [8, 9] Microwave vacuum drying (MVD) is one of the advanced methods used for drying fruits and vegetables. [10] MVD has shown potential in improving process efficiency and the quality of dried products, showing an advantage related to carotenoid retention in pumpkin by speeding up the drying process at a comparatively low temperature. However, various microwave drying conditions, such as the applied microwave power, vacuum levels, and drying time, have significant effects on carotenoid contents. [11, 12] Because much of the bioactivity of carotenoids can be lost due to the conversion of all-trans-isomers to cisisomers, [13, 14] it is necessary to identify optimized MVD conditions that have the least impact on carotenoid compounds for further processing. In addition, it would be desirable to accurately assess the characteristics and quantities of carotenoid isomers, rather than just the TC content without knowledge of its isomeric composition. Compared with conventional hot air drying, MVD can reduce the drying time by 70-90%, in addition to improving rehydration characteristics. [15] However, no reports on the effect of MVD on carotenoids in dehydrated pumpkin slices are currently available. The objectives of this study were, therefore, to investigate the influence of MVD parameters on carotenoids in pumpkin slices and their degradation and cis-trans isomerization.
Materials

Fresh material
Ripe pumpkins (Cucurbita maxima L. "Benmi") were obtained from the local market in Nanjing, China. Whole pumpkins showing uniformity of the raw material without any damage were selected. The moisture content of the pumpkins was 87.8 ± 0.6 g/100 g fresh weight (FW). Before each experiment, pumpkins were removed from the storage compartment (4°C), left to equilibrate at room temperature, and washed with tap water. Prior to drying, the pumpkins were peeled, their seeds were removed, and they were then cut into slices with thickness of 6 mm and placed in 100°C water for 40 s.
Chemicals and reagents
Lutein (95% pure, Sigma-Aldrich, catalogue no. C-9750) and β-carotene (≥95% pure, Sigma-Aldrich, catalogue no. C4582) were obtained from Sigma (St. Louis, MO). β-cryptoxanthin (97% pure, CaroteNature, catalogue no. 0055) was procured from CaroteNature (Lupsingen, Switzerland). Methyl tert-butyl ether (MTBE) and methanol were purchased from Tedia (Fairfield, USA). Hexane, anhydrous sodium sulphate, acetone, toluene, and ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All other chemicals and reagents were of analytical grade.
Methods
Drying treatment
Three drying methods were tested. (1) For MVD, in each experiment, approximately 100 g of sliced pumpkin was placed in a microwave-vacuum dryer (MVD-1, Nanjing Xiaoma Electrome-chanical Equipment Factory, Nanjing, China), and different microwave powers (4, 5, 6, 7, and 8 W/g) and pressure levels (-50, -60, -70, -80, and -90 KPa) were tested. The samples remained in the container for 6 min while drying took place and were then withdrawn to be freeze-dried until the moisture content was reduced to approximately 5.0%. (2) For freeze drying (FD), pumpkin slices were weighed and lyophilized (FD-1A-50, Beijing Boyikang Laboratory Instruments Co., Ltd, China) at -50°C (vacuum degree of 15 Pa) until a constant weight was obtained with an approximately 5.0% water content. (3) For hot air drying (HD), pumpkin slices were hot air dried at an air temperature of 60°C in a cross-flow type dryer with an air flow rates of 1.5 m/s. Air was heated electrically before entering the heater. Slices were spread in a single layer on the tray, and the samples were dried until the moisture content was reduced to approximately 5.0%.
Color measurement
Pumpkin color was measured with a colorimeter (WSC-S, Shanghai Precision & Scientific Instrument Co., Ltd., China) and reported as L*, a*, and b* values. The L* value represents lightness; the a* value represents redness (positive value) and greenness (negative value); and the b* value represents yellowness (positive value) and blueness (negative value). The chroma is an expression of the saturation or intensity of the color attained, and the Hue, or the observable color (e.g., red, blue, yellow), is an angular measurement, where 0°indicates a red hue, 90°a yellow hue, 180°a green hue, and 270°a blue hue. The color index chromatic attributes C* (chrome) and H* (metric angle) are calculated according to the following equations:
Total color differences (ΔE) are calculated using the following equation:
where L 0 , a 0 , and b 0 are the control values for freeze-dried pumpkin.
Carotenoid extraction
Carotenoid extraction was carried out according to the method reported previously, with some modifications. [16] Prior to analysis, the slice samples were ground to a powder using a grinder (FW100, Tianjin Taisite Instrument Co., Ltd., China) and sieved using 40 standard meshes to ensure symmetry of particle size. A 0.5-g sample of pumpkin powder was treated with 30 mL of a mixture of acetone-petroleum ether (2:1, v/v) in a 100-mL volumetric flask, followed by shaking for 4 h. To the contents, 2 mL of 10% methanolic potassium hydroxide (KOH) was added for saponification at 25°C in the dark under nitrogen gas for 12 h. After saponification, 30 mL of hexane was added for partitioning of carotenoids, followed by shaking for 1 min, after which a 10% sodium sulfate solution was added, and the sample was diluted to volume. The mixture was allowed to stand until two phases separated clearly. The upper layer containing lutein was collected, evaporated to dryness, dissolved in 10 mL of methanol, and filtered through a 0.45-µm membrane filter for high-performance liquid chromatography (HPLC) analysis. The whole extraction procedure was carried out under dimmed light, and nitrogen gas was flushed into vials to avoid isomerization or degradation of carotenoids.
High performance liquid chromatography-diode array detection-tandem mass spectrometry (HPLC-DAD-MS/MS) analysis
For the analysis of carotenoids, published procedures were adopted. [17] The HPLC analysis was performed using an analytical-scale C 30 reversed-phase column (250 mm × 4.6 mm i.d.) with a particle size of 5 µm (YMC, Wilmington, MA, USA). Eluent A consisted of methanol/MTBE/water (70: 25: 5, v /v), and eluent B was prepared by mixing MTBE/methanol/water (85: 10:5, v/v). Separation was performed at a column temperature of 25°C using gradient elution conditions within 30 min at a flow rate of 0.6 mL/min. Aliquots of 20 µL were used for HPLC. The solvent gradient elution program employed was as follows: 0-4.5 min, linear gradient 95%A-80%A; 4.5-12.5 min, linear gradient 80%A-50%A; 12.5-18 min, linear gradient 50%A-25%A; 18-24 min, linear gradient 25%A-5%A; and finally, a return to the initial conditions. The MS was set as follows: Experiments were carried out on an Agilent 1290 Infinity LC/Agilent Technologies 6530 Q-TOF MS (Agilent Technologies, Santa Clara, CA, USA). The positive ion mode (APCI) was used to detect carotenoids, with a total ion current (TIC) scanning range of 80 to 1000 m/z, a corona current of 4 μA, capillary voltage of 2500 V, nitrogen as the nebuliser gas (purity 99.9% and flow rate 4 L/min) and a vapourizer temperature of 350°C. Quantification was performed using the external standards method, after the preparation of a 5-point external standard calibration curve for each available standard; standard calibration curve R 2 values were in the range of 0.9991 to 0.9995.
Statistical analysis
All experiments were carried out at least in duplicate. The data were subjected to analysis of variance and Duncan's multiple range tests, performed with Statistical Analysis System (SAS) software (SAS institute, Cary, NC, USA), at the 95% confidence interval to determine any significant difference between the various treatments.
Results and discussion
Sensory evaluation
Pumpkin slices were dried separately through MVD, FD, and HD, resulting in pumpkin chips ( Fig. 1 ). As shown in Table 1 , among the dehydrated samples, the freeze-dried samples exhibited the highest L* values, indicating that the least light was reflected, whereas the hot air dried samples showed a significantly lower L* value (p < 0.05), and no significant difference was found between MVD and FD. Decreasing the L* value resulted in darker dried pumpkin products, indicating that the Hunter L* value was more influenced by HD. This result was in agreement with the results of Chen et al. [18] related to dehydration of mango. Regarding a* and b* values, FD and MVD were not significantly different, but these samples were redder than the HD samples (p < 0.05). This result was correlated with greater loss of carotenoids in the HD pumpkin slices because the yellow and/or red color of pumpkin slices is largely attributed to the presence of various carotenoids. The ΔE values of the air dried samples were significantly higher than those of the microwave vacuum-dried samples (p < 0.05), which could be due to the shorter drying time and vacuum conditions of MVD. An improvement of color is also associated with a decreased pressure during the drying of potato. [19] According to a previous report, [20] the hue angle exhibits the most significant correlation with visual scores, and the chroma value (C) provides a good indication of the amount of color. The hue angles (H) of the HD samples were significantly decreased compared with the FD and MVD samples, while a comparatively high C value was observed, which indicates brown coloration of the processed fruits. The reason for this result may be that in addition to thermal pigment degradation, Maillard reactions might also be responsible for the formation of brown compounds. In Fig. 2 , it can be observed that significant differences (p < 0.05) in the TC content were found between the three drying methods. FD resulted in the highest levels of TC (776 µg/g dry weight [DW]), followed by MVD and AD (509 µg/g DW). The drastic reduction in TC retention observed in AD compared with the FD or MVD method suggested an obvious detrimental effect of heat and oxygen on the stability of these pigments. Regier et al. [21] compared the convectional drying of lycopene-rich carrots with MVD drying and concluded that the two dried products showed a similar carotenoid stability. Yan et al. [22] also found that the highest carotenoid content of sweet potato dices was associated with microwave-spouted bed drying (MSBD) and MVD, reaching approximately 80% of the value in the FD product. For HD products, only approximately 40% retention was observed. These results could be explained by a reduction of the loss of TC during drying due to the rapid heating rate and depletion of oxygen associated with a vacuum microwave.
A C B
Effect of MVD conditions on carotenoid degradation
A typical HPLC chromatogram profile of carotenoids extracted from MVD pumpkin slices is shown in Fig. 3 . Most of the peaks showed an adequate resolution, and 14 carotenoids were isolated and identified as (1) carotenes (all-trans-α-carotene, 9-cis-α-carotene, all-trans-β-carotene, 9-cis-β-carotene, 15-cis-β-carotene, and 13-cis-β-carotene); and (2) xanthophylls (α-cryptoxanthin, β-cryptoxanthin, β-carotene-5, 6-epoxide, violaxanthin, all-trans-lutein, neoxanthin, neochrome, and 9-cis-lutein). The identification of these carotenoids was accomplished by comparing retention times, ultraviolet (UV)-visible absorption maxima, electron ionization, and chemical ionisation mass spectroscopy (EIMS and CIMS) fragmentation patterns. [23] The major carotenoids, including all-trans-β-carotene, all-trans-α-carotene, all-trans-lutein, and β-carotene isomers, were similar to the results reported by others. [24] To further investigate the effect of different MVD conditions on the carotenoids in pumpkin slices, the carotenoid levels associated with various microwave powers and vacuum categories were individually assessed.
Microwave power
It was found that microwave power significantly (p < 0.05) affected TC contents ( Table 2 ). The TC value was lowest (564 µg/g DW) under a power level of 8 W/g. One of reasons for this result might be that higher microwave power caused a rapid increase in the temperature of the product, thus accelerating the decomposition of carotenoids. The observed results were in agreement with previous research conducted by the authors. [25, 26] When the microwave power was increased from 4 to 8 W/g, a pronounced decline in trans carotenoids was observed, corresponding to 17 μg/g DW, 97 μg/g DW and 81 µg/g for all-trans-lutein, all-trans-β-carotene, and all-trans-α-carotene, respectively. The content of all-trans-β-carotene in pumpkin slices under a microwave power of 8 W/g decreased more rapidly than under a microwave power of 4 W/g, which indicated that all-trans-β-carotene was more sensitive to microwave power. Additionally, the levels of 13-cis-β-carotene and 15-cis-β-carotene significantly increased (p < 0.05) when the microwave power was increased to 8 W/g, up to contents of 17.0 and 23.1 µg/g DW, respectively. The contents of 9-cis-α-carotene and 9-cis-β-carotene showed the same trends, first decreasing and then increasing, but the 9-cis-β-carotene content was lower at all of the time points. It is well documented that isomerization may proceed during microwave heating of all-trans-αcarotene or all-trans-β-carotene, with both 9-cis and 13-cis-isomers being dominant, and the latter forms at higher levels than the former. A similar phenomenon was observed by Guo et al., [27] as the activation energy required for the isomerisation of all-trans-β-carotene to 13-cis-β-carotene was shown to be lower than that for other cis isomers. Isomerization is encouraged, but oxidation is also responsible for the loss of total all-trans carotenoids. The results presented in Table 2 show that there was a considerable increase in the content of β-carotene-5, 6-epoxide; over-heating all-trans-β-carotene in pumpkin slices might lead to the formation of β-carotene-5, 6-epoxide. [28] This could be explained by the fact that during drying with microwaves, heat is not only transferred through the surface, but the generation of volumetric heating also causes rapid transfer of energy to the sample. [29] Vacuum As shown in Table 3 , vacuum did not have a significant (P>0.05) impact on the TC levels in pumpkin slices, but the retention rate of TCs was more than 80% among various vacuum levels and was higher compared with the equivalent microwave drying process without vacuum. Thus, within a certain range of vacuum, the TC quality of the finished products was improved. Part of the reason for this improvement may be that the boiling point of water in pumpkin slices is relatively higher at a certain vacuum level than in the normal atmosphere, causing the temperature of the material to rise faster and to a higher level than under high vacuum levels, which would readily lead to burning of the final products and affect the quality of their TCs. [11] Another explanation may be that under vacuum, microwave drying reduces TC degradation due to the absence of oxidation. [30] When the level of vacuum increased, the all trans-α-carotene content increased, and when the level of vacuum was -80 and -90 KPa, the all trans-α-carotene content was increased by 20 and 25.1 µg/g DW, respectively, compared with a vacuum level of -50 KPa. These results indicated that a higher vacuum level deterred oxidative degradation due to limited oxygen exposure. It also shortened the drying time through increasing the driving force for mass transfer and facilitating the evaporation and volatilization of water from the materials, thus greatly preventing loss. Lin et al. [31] also demonstrated that the rapid heating rate and depletion of oxygen associated with a vacuum microwave reduced the loss of α-carotene in carrot slices during drying. Simultaneously, 13-cis-β-carotene, 15-cis-β-carotene, and 9-cis-β-carotene contents were decreased, while the contents of all-trans-lutein, all trans-β-carotene, and 9-cis-α-carotene were not significantly affected (p > 0.05). The reverse isomerization reaction may occur, and the conversion rate of β-carotene cis isomers to all-trans-β-carotene is faster than the isomerisation of all-trans-β-carotene. [32] Conclusion
The present study demonstrated that compared with FD, the retention of TCs in pumpkin slices after MVD was significantly higher (p < 0.05) than after HD. Microwave power had a significant effect on TC. With an increasing microwave power, the TC content significantly decreased (p < 0.05). Moreover, the levels of individual carotenoids, including all-trans-α-carotene, all-trans-βcarotene, and all-trans-lutein, generally decreased during MVD. However, the contents of 13-cis- β-carotene, 15-cis-β-carotene, 9-cis-β-carotene, and 9-cis-α-carotene exhibited an overall upward trend. In addition to the degradation induced by microwave energy, isomerization was also considered to be responsible for the loss of these all-trans carotenoids. The results showed that inappropriate drying methods and conditions resulted in a large loss of all-trans carotenoids. The significant findings of this research can provide a technical basis for the drying of pumpkin and can serve as a reference for optimisation of the drying process for other fruits and vegetables.
